Circulating Tumor Cells (CTCs) have been linked to cancer progression, but are difficult to isolate, as they are very rare and heterogeneous, covering a range of sizes and expressing different molecular receptors. Filtration has emerged as a simple and powerful method to enrich CTCs, but only captures cells above a certain size regardless of molecular characteristics. Here, we introduce antibody-functionalized microfilters to isolate CTCs based on both size and surface receptor expression. We present a 3D printed filtration cartridge with microfabricated polymer filters with 8, 10, 12, 15 or 20 µm-diameter pores. Pristine filters were used to optimize sample dilution, rinsing protocol, flow rate and pore size, leading to > 80 % for the recovery of spiked cancer cells with very low white blood cell contamination (< 1000). Then, filters were functionalized with antibodies against either epithelial cell adhesion molecule (EpCAM) or epidermal growth factor receptor (EGFR) and the cartridges were used to enrich breast (MDA-MB-231, MCF-7) and renal (786-O, A-498) cancer cells expressing various levels of EpCAM and EGFR. Cancer cells were spiked into human blood, and when using filters with antibodies specific to a molecular receptor expressed on a cell, efficiency was increased to > 96 %. These results suggest that filtration can be optimized to target specific CTC characteristics such as size and receptor expression, and that a diverse range of CTCs may be captured using particular combinations of pore size, filtration parameters, and antibody functionalization.
INTRODUCTION
Circulating Tumor cells (CTCs) are cancer cells that have detached from a primary tumor, entered the bloodstream, and thought to invade distant tissues where they adapt and proliferate, leading to the formation of metastases (secondary tumors). 1, 2 Metastasis is a highly frequent complication responsible for as much as 90 % of cancer-associated mortality. CTCs, found in blood, have emerged as a prognostic indicator for disease progression. 3, 4 CTCs are extremely rare (1-10 CTCs per milliliter of blood, compared to < 10 6 leucocytes and < 10 9 erythrocytes), 3, 5, 6 and the detection of one CTC in five milliliters of blood is clinically relevant. However, one of the main obstacles to characterize these cells is the difficulty of obtaining sufficient numbers for analysis. This has prompted the development of many technologies, where selective enrichment is typically achieved using molecular (surface receptor expression) or mechanical (size, density, electric charges, deformability) properties, known to be different from blood cells.
Filtration was first used to concentrate cancer cells from saline in 1956 using cellulose ester filters with 0.5-3.0 μm pore diameter. 7 Track-etching technique, developed in the 1960s and used to this day, 6, 8 allows an accurate control of pore dimensions. However, the random arrangement of pores and the need to prevent pore overlapping inherently limit membrane porosity using this approach.
Microfabrication, allowing precise control of sub-micrometric dimensions, was used to design filtration systems with micropillars or microholes. [9] [10] [11] However, the high flow resistance of microfluidic devices limits the throughput, while fabrication processes can be complex and costs high. Filters can provide multiple parallel paths and microfabrication has been used to make filter membranes with higher porosities, 12 as well as rectangular or conical shapes, [13] [14] [15] and 3 dimensional configurations, 16 permitting higher flow throughput. However, the heterogeneity of CTCs is becoming increasingly appreciated, and the diameter of small CTCs falls within the range of white blood cells (WBCs), making their capture difficult as the pore size is constrained by the requirement for WBCs to pass through without clogging the pores.
Another successful strategy is targeting molecular receptor expression using antibodies. CTCs of epithelial origin and unlike any blood cells, express the epithelial cell adhesion molecule (EpCAM). Currently, CellSearch® (Veridex LLC, Raritan, NJ, USA), using magnetic beads coated with anti-EpCAM antibodies is the only system approved by the US Food and Drug Administration for the enumeration of CTCs of epithelial origin in whole blood. 17 Affinity-based strategies using antibody-functionalization of nanostructured substrates [18] [19] [20] [21] [22] or magnetic beads, 23, 24 have been widely used in microfluidic devices for magnetic separation. [25] [26] [27] [28] For instance, using anti-EpCAM functionalization, Soper et al. captured EpCAM positive cancer cells spiked in blood, and showed their possible detachment by enzymatic digestion of the extracellular domain of EpCAM or anti-EpCAM with high yield. 29 Released cells were then enriched based on their electrical charges for further molecular profiling.
However, CTCs heterogeneity extends to the expression of molecular receptors as well. CTCs can undergo epithelial-mesenchymal transition (EMT), that may lead to EpCAM downregulation. 30 A number of techniques are emerging to address the intrinsic heterogeneity of CTCs. Cancer cells with stem cell features were shown to preferentially adhere to extracellular matrix proteins for example. 31 Negative selection allows for targeting WBCs with magnetic beads conjugated with anti-CD45 instead of enriching 3 CTCs. 32 Toner et al. developed a complex microfluidic chip with a size-based RBC separation followed by magnetic isolation of either CTCs by capture on anti-EpCAM magnetic beads, or to preserve CTC diversity, in a negative selection mode by removing WBCs using anti-CD45 magnetic beads. 33 Negative selection however is costly as large amounts of antibody-conjugated magnetic beads are needed, and some CTCs may be removed along with the other cells.
A promising strategy to isolate a wider range of heterogeneous CTCs is to isolate cells based on both molecular and mechanical features. First steps have been taken in this direction by Chung et al. who, using a multi-step procedure, first enrich cancer cells on magnetic beads conjugated with anti-EpCAM, rinse, and then capture the cells with beads on a filter, and finally detach them by inverting the flow. 34 Zhang et al. used a reverse protocol where anti-EpCAM beads are also added to the sample and labeled cancer cells are first enriched on a filter, and then detached from the filter using magnetic force. 35 It is EpCAM expression that dictates isolation, and the cells, enlarged by the magnetic beads, are thus captured by the filter. In both approaches yields were excellent, but they were dependent on EpCAM expression and only used for EpCAM + cells, the protocols required multiple steps while the magnetic beads interfered with fluorescence imaging, and most importantly, it is not known whether the intrinsic mechanical properties of the cells influence this filtration method.
Here, we introduce antibody-functionalized microfilters to isolate CTCs based on both their intrinsic mechanical properties including size and rigidity, and their expression of surface receptors. Microfabricated polymer filters with 8, 10, 12, 15 or 20 µm-diameter pores were used, and various parameters such as sample dilution, rinsing protocol, flow rate and filter pore size were optimized for the enrichment of MDA-MB-231 breast cancer cells spiked into blood while considering both cell recovery and WBCs contamination. We designed and made a 3D printed filtration cartridge that can be rapidly assembled, and that was used for all experiments. Upon processing, cells were fluorescently stained directly in the cartridge. Then, transparent filters were removed from the cartridge and imaged by microscopy. Using the optimal conditions, breast (MDA-MB-231, MCF-7) and renal (786-O and A-498) cancer cells, chosen for expressing various levels of EpCAM and epidermal growth factor receptor (EGFR), were then enriched with pristine filters, and filters functionalized with anti-EpCAM and anti-EGFR antibodies. 
EXPERIMENTAL

Filter fabrication
The process, described in detail elsewhere 36 and briefly in supporting information (SI-1B), allows for the fabrication of 20-40 micrometer-thick filters with precise pore dimensions ( Figure 1A ). Pore diameters, measured by microscopy and averaged on 20 pores from three different filters and for each pore size, were found to be 7.9 ± 0.3, 10.0 ± 0.2, 11.7 ± 0.4, 15.0 ± 0.2 and 20.1 ± 0.3 µm.
Cartridge Design
The filtration cartridge (70 mm long and 40 mm large) was designed using AutoCAD software (Autodesk Inc.) and 3D printed (Perfactory Micro EDU, Envision Tech) (Supporting information SI-1C). It consists of a bottom (15 mm high) and a top part (10 mm high) in between which a microfilter can be inserted ( Figure 1B ).
Filter functionalization
Covalent immobilization of antibodies was performed through EDC/NHS coupling after surface activation with oxygen plasma (PE-50, Plasma Etch) for 2 minutes at 150 W and O 2 pressure of 200 mTorr. Filters were incubated for 20 minutes in EDC (0.5 mol L -1 )/NHS (0.5 mol L -1 ) solution, prepared immediately before use and diluted 10 times in MES buffered saline (0.1 mol L -1 MES, and 0.5 mol L -1 NaCl) supplemented with 2.0 % BSA. After rinsing with MES buffer, filters were incubated in the antibody solution containing 10.0 μg mL -1 of anti-EGFR or anti-EpCAM for 3 hours. The filters were then rinsed with PBS and directly used for filtration.
Cell Culture
MDA-MB-231, MCF-7 and A-498 cells were cultured in DMEM, supplemented with 10 % FBS and 1 % (v/v) antibiotics. 786-O renal cells were cultured in RPMI 1640 medium supplemented with 10 % FBS. For spiking experiments, cells were harvested from flasks, centrifuged then re-suspended in PBS. Additional details are provided in supporting information (SI-1D).
Blood collection
Blood was drawn from healthy volunteers (IRB study reference number: BMB-08-012) into 10 mL CTAD tubes (Citrate-based anticoagulant containing the platelet inhibitors theophylline, adenosine, and bipyridamole, BD Vacutainer). Samples were maintained at 4 °C and processed within 72 hours of blood collection. 
Cell Staining
After filtration, cells were treated directly on the filter, within the cartridge. Cells were fixed with 3.7 % paraformaldehyde (PFA) in PBS then rinsed with PBS. Cells were then permeabilized with 0.2 % Triton X-100 and rinsed with PBS. Afterwards, blocking was performed with 1.0 % BSA in PBS supplemented with 0.1 % Tween 20, then cells were stained with Anti-Pan-cytokeratin Alexa Fluor 488 (2.0 μg mL -1 ) and Anti-Human CD45 Phycoerythrin (PE, 1.0 μg mL -1 ). Cells were rinsed with PBS then their nucleus was stained by 4',6-diamidino-2-phenylindole (DAPI, 0.1 μg mL -1 ). Finally, the filter was rinsed with PBS and cell identification was performed by fluorescence microscopy. Additional practical details are provided in supporting information (SI-1G).
Cell identification by fluorescence microscopy
Filters were placed upside down on the platform of an inverted microscope (TE-2000-E, Nikon) connected to a CCD camera (QuantEM 512SC, Photometrics) and fluorescence images were recorded with NIS-Elements Advanced Research software (Nikon) and analyzed with ImageJ. 37 Images were collected with a mercury arc lamp and 41001 (blue, for Alexa fluor 488), 41004 (green, for PE) and 31000v2 (UV for DAPI) filter cubes (Chroma Technology Corp.) were used. Cells are defined as CTC-like cells when they have a nucleus (DAPI staining) and when they express cytokeratin, a cytoplasmic protein from epithelial origin (anti-pan-CK staining). WBCs also possess a nucleus (DAPI) but express the cluster of differentiation 45 (anti-CD45 staining) ( Figure 1D ). Analytical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6
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RESULTS AND DISCUSSION
Transparent polymer membranes with pore diameter of 8-20 μm, an open ratio of 8-20 % and 33-80 thousands of pores 36 were inserted into a 3D printed cartridge ( Figure 1A) ; unless specified 8-μm-porefilters were used in all experiments. The porous membrane is heat bonded to a PMMA ring that defines an 8 mm-diameter filter. Filters were used in pristine condition for initial optimization and for pure mechanical filtration, and functionalized with antibodies for combined mechanical and molecular filtration in subsequent experiments. The filters are positioned between the cartridge and a pair of toric joints, and clamped with screws and bolts for sealing. A precise number of cancer cells (Supporting information SI-1E and F) was spiked into 1.0 mL of blood diluted with PBS. The sample was inserted from the inlet (top) and flowed through the cartridge at a defined flow rate using a programmable syringe pump ( Figure 1C ). Red blood cells (RBCs) and white blood cells (WBCs) with diameters of 7-8 and 8-14 μm respectively, are known to be deformable and could pass through all filters used here. 38 The larger and less deformable cancer cells were captured, stained and imaged on the filter for identification ( Figure 1D ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 7
I. Mechanical capture of CTCs
The influence of experimental conditions such as sample dilution, rinsing protocol, flow rate and filter pore size on the enrichment performance was studied. Enrichment performance can be quantified by measuring efficiency and purity. 32 Efficiency corresponds to the recovery ratio between cells that are captured versus spiked into the sample. Efficiency = number of target cells captured number of target cells initially spiked in blood × 100
Purity is measured as the number of white blood cells (WBCs) concurrently captured with cancer cells. A higher purity corresponds to a lower number of WBCs, which is desirable as WBCs can confound further biological analysis.
An important parameter that could not be directly controlled but was considered is the pressure drop across the microfilter, which is determined by the flow rate divided by the flow resistance of the microfilter. Dilution of blood in buffer would contribute to reduce the pressure by reducing the viscosity. However, although the flow rate was fixed, the pressure could not easily be derived because of the non-Newtonian characteristic of blood, and more importantly, because clogging of the pores by captured cells reduces the number of open pores, leading to increased resistance and higher pressures for a given flow rate. It is expected that increases in pressure will affect the enrichment of CTCs, as well as the WBCs contamination. For increasing pressure, less CTCs and less WBCs would be captured, while it may also help reduce clogging of the microfiltration membrane as cells are displaced.
I.I. Sample dilution
The effect of sample dilution was evaluated with a known number of MDA-MB-231 cells (161.82 ± 8.1 cells) spiked into 1.0 mL of blood diluted with different volumes of PBS (1.0, 2.0, 5.0, 6.0, 10.0 and 15.0 mL) and filtered at 1.0 mL min -1 .
For increasing dilutions of 1.0 mL of blood with up to 6.0 mL of PBS, efficiency increased from about 20 to about 50 % (Figure 2A ). This trend is in good agreement with the work of Coumans et al. who have previously demonstrated that for a fixed flow rate, diluting samples reduces the pressure drop and helps increase efficiency. 6 Since enrichment is based on cell size and deformability, it is not surprising that a lower pressure undergone by cells would make them pass through the filter less easily, therefore increasing efficiency. As the sample is further diluted up to 1:15 of blood:PBS, no significant improvement is observed, consistent with only minor changes in viscosity. The reproducibility in efficiency and in the initial number of spiked cells was found to be very good with very low standard deviation. In order to limit the processing time, for all further experiments, 1 mL blood samples were diluted with 6 mL of PBS. For all dilutions we observed a high accumulation of WBCs on the filter, indicating that dilution is not an effective means of improving purity. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
I.II. Rinsing
We tested the effect of rinsing on purity by flowing various volumes of PBS. 101.3 ± 2.4 MDA-MB-231 cells, spiked in 1:6 mL of blood:PBS, were filtered, then rinsed at 1.0 mL min -1 .
Using 5.0 mL of PBS, the number of WBC captured on the filter was greatly reduced, from the experiments without rinsing, to a low density that permitted their enumeration, and in this case corresponding to ≈ 1000 WBCs ( Figure 2B ). WBCs concentration is > 10 6 per mL of blood, 32 thus < 0.1 % were captured on the filter. Without and with rinsing, respectively 50 ± 2 % and 50 ± 3 % of cancer cells were captured, indicating that this rinsing did not reduce efficiency. Increasing the rinsing volume to 10.0 or 20.0 mL did not improve purity significantly. However, rinsing in several steps (2 or 3 rinses with 5.0 mL of PBS) further reduced the number of WBCs, but for three rinses efficiency was only 41 ± 3 %.
Contrary to a single rinse with 10.0 mL of PBS, when rinsing twice with 5.0 mL of PBS, the syringe was unplugged to be re-filled. This procedure creates a small negative pressure (back pulse) that may displace cancer cells and WBCs captured into a pore, thus they may be washed during the second rinsing step. Therefore, while increasing the number of rinsing steps, cells are exposed to more successive negative and positive pressure cycles, which may eventually facilitate the passage of any cells and explain the decrease in both efficiency and purity. Based on these results, we identified rinsing twice with 5.0 mL of PBS as the optimal compromise between high efficiency and high purity, and adopted it for all subsequent experiments.
The number of WBCs captured on the filter varies to a larger extent than the efficiency, which is consistent with person-to-person variability of blood cell counts and cell properties. 6 Jones et al. showed that both WBCs and RBCs (to a lesser extent) are responsible for pore occlusion, leading to changes in the pressure drop across the filter. 39 Only ≈ 1000 WBCs were left following rinsing, filling 1-3 % of the total number of pores, and thus inducing a negligible change in pressure. During filtration, many more cells are expected to be on the filter surface and transiting through the pores, yet efficiency was reproducible for many different blood samples, suggesting that WBCs and RBCs do not affect CTC capture when the samples are sufficiently diluted. In conclusion, whereas the number of WBCs on the filter is subject to greater variation, < 0.1 % were retained on the filters in all scenarios tested here. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
I.III. Flow Rate
The influence of flow rate on efficiency and purity was investigated by spiking 101.3 ± 3.3 MDA-MB-231 cells in 1.0:6.0 mL of blood:PBS. Samples were filtered at different flow rates (0.1, 0.5, 1.0, 2.0 or 3.0 mL min -1 ). No rinsing was done.
As the flow rate decreased from 3.0 to 0.1 mL min -1 , efficiency increased from 42 ± 5 to 85 ± 3 % ( Figure  2C ). The number of WBCs on the filter was evaluated by imaging them after filtration. Since for low flow rates there were too many WBCs captured to be counted, the surface coverage of WBCs was compared, which was smaller for higher flow rates (supporting information SI-2). Both the number of cancer cells and WBCs on the filter diminish with increasing flow rates, consistent with a higher pressure and results in the literature, 6, 22 manifesting a trade-off between efficiency and purity. Reducing the flow rate will reduce the pressure on cells, including WBCs, through pores. This would explain the increase not only in the number of captured target cells, thus increasing efficiency, but also in the number of WBCs, reducing purity.
Finally, we determined purity after filtration and rinsing twice with 5 mL of PBS at 0.1 mL min -1 . The number of WBCs was found to be 694 ± 161, consistent with our previous results, obtained at 1.0 mL min -1 . A flow rate of 0.1 mL min -1 was therefore selected as optimal for our system. It is worth mentioning that the overall process could be further sped up by increasing membrane porosity or filter size, both resulting in increased flow rate for a given pressure. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
I.IV. Filter pore size
The pore size is expected to play a dominant role in the efficiency and purity of captured CTCs. 8 µmdiameter pores were selected as lower limit based on the results in the literature that showed it to be the smallest dimension before clogging by WBCs becomes significant. Indeed, the smaller the pores, the more efficient enrichment, but as they become too small they retain a small fraction of WBCs, which rapidly leads to a clogging of the pores. As the fraction of open pores in the filter is reduced, the pressure drop across the filter rapidly increases under constant flow rate conditions, and the flow rate in the remaining open pores also increases rapidly, which can then lead to lower capture efficiency. We thus tested filters with nominal pore size of 8, 10, 12, 15 and 20 μm. Based on the results obtained earlier, optimal conditions were chosen as follows. MDA-MB-231 cells were spiked in 1 mL of blood diluted 1:6 in PBS, and filtered at 0.1 mL min -1 , then rinse twice with 5.0 mL of PBS at the same rate.
In good agreement with the previous data, efficiency was found to be > 80 % for small pore sizes ( Figure  3 , red symbols). Efficiency decreased for 15 and 20 μm pores, falling to 76 ± 5 and 63 ± 3 respectively. The number of WBCs was 694 ± 161 on 8 μm-filters, in the same range as in previous experiments (702 ± 181 using 1.0 mL min -1 ) and found to decrease for increasing pore sizes (Figure 3 , grey bars). The mean diameter of MDA-MB-231 cells, measured on 180 cells by microscopy, was 14.6 ± 5.1 µm and these cells are expected to easily flow through the bigger pores (decreasing efficiency). Likewise, the number of WBCs was also reduced (increasing purity). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 60 
I.V. Number of spiked cells
To test whether the number of cells spiked into the blood sample affect the enrichment for the different pore sizes, 6.1 ± 1.5, 26.6 ± 1.4 or 101.1 ± 5.1 MDA-MB-231 cells were added to the sample, (Supporting information SI-3). As expected, efficiency was not dependent on the spiking numbers, thus also validating our methodology for as little as 6 cells spiked into blood.
As a conclusion, using optimized conditions, the mechanical capture configuration provides a good efficiency (87 ± 2 % of MDA-MB-231 cells were captured with 8 μm-diameter pores at 0.1 mL min -1 ) and a good purity (less than 1000 WBCs on the filter after rinsing twice with 5 mL of PBS). Analytical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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II. Mechanical and molecular capture of CTCs
To help target specific cell types, we sought to functionalize filters with antibodies directed against receptors expressed in particular CTCs.
II.I. Filter functionalization
Different functionalization protocols were tested using pristine filters or using a chemical activation by oxygen plasma or ozone treatment followed by covalent linkage using EDC/NHS or CNBr-based chemistry of antibodies (Supporting information SI-4). Filters were functionalized with anti-rabbit IgG antibody fluorescently labeled with FITC (Fluorescein isothiocyanate), and the Δfluo between pristine and functionalized filter was used to evaluate the efficacy of each protocol ( Figure 4A ).
Interestingly, a high fluorescence was observed on pristine filters incubated with IgG indicating that antibodies were adsorbed on the filter. O 3 treatment followed by EDC/NHS or CNBr-based chemistry leads to moderate fluorescence increases. For oxygen plasma treated filters, CNBr-based functionalization gave the lowest fluorescence variation of all tested conditions, while EDC/NHS chemistry gave the highest, which was thus selected for subsequent experiments. The influence of IgG concentration on functionalization was tested by varying the concentration from 2.0 to 50.0 μg mL -1 (Figure 4B and C) . For 2.0 and 5.0 μg mL -1 , the surface coverage was not uniform, leaving areas where fluorescence intensity was close to that of pristine filters. For 10.0 and 25.0 μg mL -1 , fluorescence was found approximately constant on the entire filter surface. As the antibody concentration increased to 50.0 μg mL -1 , Δfluo also increased but the overall uniformity of the coating was not significantly improved compared to 10.0 and 25.0 μg mL -1 . Therefore, in further experiments, filters were functionalized by incubation in a 10.0 μg mL -1 antibody solution. Antibodies were applied to filters in a pristine state, or after activation by oxygen plasma or ozone treatment followed by EDC/NHS or CNBr-based chemistry. Δfluo was determined by comparison with the filter before incubation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 60
II.II. CTC enrichment on functionalized filters
To evaluate the feasibility of improving efficiency by combining mechanical and molecular enrichment, filters were used as is or functionalized with antibodies against EpCAM (epithelial cell adhesion molecule) or EGFR (epidermal growth factor receptor) ( Figure 5A ). These two receptors are expressed on a variety of cancer cells, and cells that only express one or the other receptor were used here to test the enrichment and selectivity of single receptor targeting. MDA-MB-231 cells are a triple negative breast cancer cell with low EpCAM 40 and high EGFR expression. 41 MCF-7 breast cancer highly express EpCAM 42 but no or a low level of EGFR. 41 In addition, we filtered two renal cancer cells: 786-O and A-498 that are both EpCAM negative 43 but EGFR positive. 44, 45 The filtration parameters were selected based on the optimal conditions for mechanical capture as per our previous experiments. 27-32 cells of each type were spiked separately into 1.0:6.0 mL of blood:PBS, and filtered at 0.1 mL min -1 . Filters were rinsed twice with 5 mL of PBS at the same rate.
The efficiency for MDA-MB-231 cells was increased to 98 ± 3 % with anti-EGFR coating compared to nonfunctionalized filters (83 ± 5 %) and anti-EpCAM (85 ± 3 %) ( Figure 5B ). Likewise, for 786-O and A-498 cells that also overexpress EGFR, efficiency was increased with anti-EGFR filters (93 ± 3 and 96 ± 1 %, respectively) but similar when filters were not functionalized (78 ± 2 and 86 ± 2 %, respectively) or functionalized with anti-EpCAM (81 ± 2 and 87 ± 4 %, respectively). Conversely, anti-EpCAM functionalization helped increase the capture of EpCAM expressing MCF-7 cells to 96 ± 3 % (compared to 85 ± 3 % with non-functionalized filter), while anti-EGFR functionalization does not significantly affect efficiency (83 ± 5 %).
These results show that antibody-functionalized filters used in the 3D printed cartridge achieved very high efficiency for all tested cell lines, and indicate that antibody functionalization helped improve the efficiency specifically for cells that overexpress the targeted receptors from ≈ 80 % (pristine filters) to > 95 %, underscoring the advantage of combining mechanical and molecular capture. In both configurations, WBCs contamination was very low, with < 0.1 % WBCs captured on the filter. In consideration of the high efficiency values and the broad size distribution of all cell lines used here (Supporting information SI-1D, Table 1 .), it is expected that patient CTCs, that are on average smaller, will also be captured with high efficiency. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Only few groups made use of antibody targeting and filtration. However, in all cases, isolation was performed in two steps, and none of them enrich cells both based on their size and molecular expression. Chung et al. used magnetic beads conjugated with anti-EpCAM to target cancer cells. A magnet was used first to attract labeled cells when pushing blood cells out, then cancer cells were finally isolated from residual WBCs by filtration, leading to 70-90 % efficiency. 34 More recently, Zhang et al. labeled cancer cells with anti-EpCAM functionalized magnetic beads to increase their size. RBCs and free beads were first removed by filtration, then labeled cells were magnetically isolated from WBCs. Using this strategy, Zhang et al. reported 80-94 % for the recovery of MCF-7 spiked in blood, and > 98 % purity (number of WBCs near each MCF-7 cells). 35 In both cases, cell selection was based on the expression of a single marker only, and filtration was performed to improve purity.
The method we presented here is the only method that selects cells based on mechanical and molecular features. Very high performances are reached, with efficiency and purity in the same range or higher than device described in the literature. The whole isolation process occurs in one single step, and is simpler to implement. Moreover, the use of transparent filters allows imaging and cell identification directly on the filter. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
CONCLUSION
In this study we introduced combined mechanical and molecular filtration using antibody-functionalized polymer filters and a new 3D printed cartridge permitting rapid assembly and disassembly for retrieval of the filters for analysis. Filters are transparent with low autofluorescence and are thus compatible with image-based identification of CTCs. Multiple processing parameters were systematically optimized (sample dilution, rinsing procedure, filtration flow rate and filter pore size) allowing to obtain high enrichment of breast and kidney tumor cells spiked into fresh blood with very low WBCs contamination (< 0.1 %), in less than 3h. The enrichment efficiency with pristine filters was 80 %, and was reliable for between as little as 6-100 cells spiked into 1 mL of blood. After filter functionalization with antibodies against cell surface receptors, efficiency increased to > 96 % with good reproducibility for all studied breast and renal cancer cell types. Further improvements are possible, for example processing time may be reduced by increasing membrane porosity or doubling the filter diameter (allowing for quadrupling of flow rates while maintaining the same shear stress), as well as by improving and shortening the rinsing protocol.
To address the challenge of enriching a population of heterogeneous CTCs, it may be possible to stack multiple filters with different pore sizes and functionalized with different antibodies each. Alternatively, a single filter might be coated with multiple different antibodies, thus targeting a broad spectrum of CTCs.
For use in cancer disease management, CTC enrichment technologies should be fast, sensitive and selective. The proposed cartridge with antibody-functionalized microfabricated filters is simple to use and efficiently captures a cancer cells from whole blood, and thus represented a promising technology for clinical enrichment of CTCs from different cancers with a diversity of mechanical and molecular features. Analytical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
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SUPPORTING INFORMATION
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